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a b s t r a c t
In this study the effects on resistance to corrosion of a low alloy steel after plasma nitriding has been
reported. Nitriding was performed at a low temperature of 450 C and also at 520 C for the same dura-
tion of 10 h in the plasma of nitrogen and hydrogen (80:20) gas mixture. Sample holder was biased at
250 V and the working pressure was kept at around 500 Pa.
After nitriding the steel samples along with the bare steel were exposed to X-ray diffraction (XRD) to
understand the phase formation. For the assessment of corrosion resistance properties potentiodynamic
polarization tests of the bare and plasma nitrided steels in 3.5% NaCl electrolyte were performed.
Nitriding at 520 C had shown the best corrosion resistance. However, broad passivation region had been
shown after nitriding at 450 C.
 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-
nc-nd/4.0). Selection and Peer-review under responsibility of the scientific committee of the 4th Inter-
national Conference on Recent Advances in Material Chemistry.
1. Introduction
Corrosion is the environmental degradation of metal caused by
chemical agencies commonly found in the environment. The pro-
cess of corrosion continues until the materials fails and also it is
difficult to be completely eliminated. However, the minimization
of corrosion is more practical which can enable the materials to
sustain for longer duration in the service life. Deposition of corro-
sion resistant layer though minimizes the corrosion, the disruption
of the same speeds up the corrosion reaction due to the exposure of
the materials surface along with the protective layer and hence the
development of galvanic cells i.e. due to the change in electro-
chemical potential. Some other factors like oxide formation, diffu-
sion of metal ions into the coated layer, change in local pH etc.
affect the resistance to corrosion. However, surface alloying may
overcome the problems caused by the delamination of corrosion
protective deposition layer [1–4].
Evaluation of corrosion resistant layer by deposition or alloying
for steels is important for prolonging the life of industrial compo-
nents like tools, gears etc. Chromium-molybdenum-vanadium
steel is low alloy steel which has good mechanical properties used
as cutting/maching tools require attention for the improvement of
corrosion resistance. In the service conditions and also in the atmo-
sphere the chloride ions are very commonly found corrosives
which may attack these tools and ultimately cause the deteriora-
tion of the tools. Surface alloying is one of the important methods
to enhance the resistance to the corrosive attack for prolonging the
life of the tools.
The present studies relate the effects of plasma nitriding of
chromium-molybdenum-vanadium steel on corrosion resistance
in 3.5% NaCl electrolyte. Plasma nitriding is a cost effective, effi-
cient and eco friendly method for surface modification of metallic
materials to enable the surface more resistive to corrosion with
improved fatigue and wear resistance [5–25]. Fernandes et al.
[24] worked on plasma nitriding and nitrocarburizing of solution
treated supermartensitic stainless steel and shown that surface
hardness increases with temeperature. Corrosion resistance was
found to be better after plasma nitriding at low temperature of
400 C than at 450 and 500 C.
So far, plasma nitriding of 90CrMoV8 grade of steel has less
been studied. Earlier Corinne et al. [5] studied the effects of plasma
nitriding of the same steel to improve the mechanical and corro-
sion resistance properties. But the propensity towards the corro-
sion in wood juice was shown to be more. Rao et al. [6,7] has
further extended the studies for achieving the improvement of
hardness and corrosion resistance. This study had shown the sig-
nificant enhancement of hardness after low temperature nitriding
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at 450 C for 6 h. Hence, in this study the nitriding temperature
was chosen to be 450 C but the time increased from 6 h to 10 h.
The increase in nitriding time is known to increase the case depth
which is evident from the previous study by Corinne et al. [5].
Nitriding at the higher temperature of 550 C though increases
the surface hardness but at the loss of core hardness, hence to
avoid this risk the temperature was kept at 520 C for the higher
temperature nitriding and compared the corrosion resistance with
the lower temperature nitrided steel sample.
2. Experimental
Steel samples of 8  8  5 mm3 were cut from hardened and
tempered steel sheet. The composition of the steel is given as: C-
0.5%; Si-1.0%; Mn-0.5%; Cr-0.8%; Mo-1.5%; V-0.5% and Fe-balance.
These samples were then mirror polished and cleaned in acetone
ultrasonically. In the vacuum chamber of nitriding reactor samples
were placed on the sample holder and evacuated to around 0.5 Pa.
Sample holder was kept at around 250.0 V then fed the Ar gas
raising the pressure inside the chamber to around 500.0 Pa as
working pressure. Then the Ar + plasma was triggered by using
the power supply. Ar + from the plasma was accelerated on to
the surface which sputter cleaned the native oxide and dirt, if
any. Thus the sputtering continued till the nitriding temperature
attained. The samples were heated to the temperatures of 450
and 520 C maintained during the nitriding process. The nitrogen
and hydrogen gas mixture (80:20) was fed into the vacuum cham-
ber and triggered the plasma. Nitrogen ions were attracted towards
the sample surface which on heating diffused into the bulk of the
steel.
Nitrided and the bare steel samples were then subjected to X-
ray diffraction (XRD) studies by using the Co ka radiation source
(0.1790 nm). Corrosion resistance was assessed by following
potentiodynamic polarization of nitrided and bare steels in 3.5%
NaCl electrolyte by using Electrochemical Interface-Solatron Ana-
lytical, Model SI 1287, U.K. Cl- ions are commonly found corrosive
agent in the atmosphere and particularly in coastal areas hence
NaCl environment was chosen for the corrosion tests. The calomel
reference electrode, an auxiliarly Pt. electrode and the steel/ni-
trided steel sample as working electrode constituted the electro-
chemical cell.
3. Results and discussions
3.1. X-ray diffraction (XRD) analyses
All the nitrided and bare steel samples were exposed to detailed
XRD analyses. Fig. 1 SN (A) and SN (B) reveal the XRD patterns of
Fig. 2. Representation of the microstructure coupled with EDX elemental analysis of steel nitrided at 450 C for 10 h as-revealed by scanning electron microscope (etched
with Villela’s reagent).
Fig. 1. X-ray diffraction patterns of bare steel (A); and plasma nitrided steel at 450 C for 10 h (B).
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the bare and nitrided steels respectively. The XRD patterns of bare
sample reveal only the Fe (1 1 0), Fe (2 0 0) and Fe (2 1 1) phases
(Fig. 1). XRD patterns of steel samples nitrided at 450 C show
the presence of Fe-nitrides FexN (x = 2, 3) (Fig. B.). The iron nitride
peaks are mainly c’ (Fe4N) and the eN. Surface microstructure thus
contains these two nitrides causing heterogeneity. This may lead to
corrosion because of the different electrode potentials for these
phases. However, when observed the entire surface as the iron
matrix with the continuous dispersion of small precipitates of its
nitrides the corrosion resistance may be enhanced. The assessment
of corrosion resistance property is given in the following section.
3.2. Scanning electron microscopic (SEM) analyses
The nitrided steel was cut across the cross section and mirror
polished. The cross sectional surface was then etched with the Vil-
lela’s reagent and then exposed to SEM to understand the
microstructure of the modified surface. Fig. 2 shows the
microstructure of the nitrided steel which reveals a very thin white
layer. The presence of very thin layer on the surface is the indica-
tive of mechanical integrity as the thick white layer is so brittle
that causes the deterioration of the surface and/or degrading the
steel by causing wear. The thin layer followed by the diffusion
which consists of the iron nitride precipitates and the nitrogen
solid solution. These in turn attribute to the enhanced hardness
and corrosion resistance. Similar is the case with the sample
nitrided at 520 C for the same duration of 10 h.
3.3. Potentiodynamic polarization
The bare and nitrided steels were exposed to 3.5% NaCl elec-
trolyte and potentiodynamic polarization tests were conducted at
room temperature. In Fig. 3 SN (A), (B) and (C) represent the polar-
ization diagrams of the bare and nitrided steels at 450 and 520 C
respectively. Nitrided steels show more active potential than the
bare steel. This means the propensity towards corrosion after
nitriding is more. This could be due to the flaws on surface
microstructure. Different nitrides on the surface c’ (Fe4N) and e-
nitrides (Fe2-3N) as evidenced by XRD analyses might have differ-
ent electrode potential and/or may be the non uniform distribution
of these phases on the surface might have caused the development
of micro galvanic cells resulting in the corrosion of the steel. But
after some time the rate of corrosion of bare steel is found to be
faster than that of the nitrided steel as evidenced by the Fig. 3
SN (B and C). The wider passivation zone in the nitrided steel might
be due to the the release of nitrogen from the solid solution in the
electrolyte causing it to be more alkaline and thus minimizing the
corrosion.
Fig. 3. Potentiodynamic polarization curves of (a) SN (A) (bare steel), and steel nitrided for 10 h at: (b) 450 C (SN(B)) and (c) 520 C (SN(C)) in an electrolyte of 3.5% NaCl.
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When compared to the bare and the nitrided steel (at 450 C)
the rate of corrosion of the steel nitrided at 520 C for the same
duration of 10 h has shown the best corrosion resistance.
4. Conclusions
Low temperature plasma nitriding of chromum-molybdenum-
vanadium tool steel at 450 C for 10 h has successfully modified
the surface by producing iron nitrides c’ (Fe4N) and e-nitrides
(Fe2-3N). The presence of these nitrides and nitrogen in the solid
solution are found to be the reason to enhance the hardness and
corrosion resistance. The steel nitrided at high temperature of
520 C for the same duration the corrosion resistance was found
to be much better than low temperature nitriding. Nitriding at
450 C causes the corrosion initiation earlier than the bare steel
may be because of the surface heterogeneity due to the dispersion
of nitride precipitates. Moreover, a wider passivation zone in this
nitriding condition is the indication of resistance to dissolution is
better than that shown by the bare steel which is desirable. This
could be due to the release of nitrogen from solid solution which
increases the alkalinity of the electrolyte hence not favouring the
dissolution kinetics. The improvement of both hardness and corro-
sion resistance would be the subject of further studies with the
view to extend the application of this steel.
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